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1 Introduction 


When the LEP accelerator at CERN enters the second phase of its program, the SU(2)(8)U (1) standard 
model does not need any more praise. The theory has been successfully scrutinized and the agreement 
between its predictions and the experimental results is impressive (e.g. ref. Q). Besides the effort of 
large teams of devoted experimenters, this endeavour also required a number of detailed calculations 
beyond the lowest order of perturbation theory. Hence, one can say that the renormalization of the 
SU(2)(8)U(1) theory has passed from the formal stage of its establishment Q into the world of practical 
calculations. For this purpose it is very useful to have the review article of Aoki et al. which can 
be considered as a good SU(2)(8)U(1) practitioner guide. So far, it seems that such a guide does not 
exist for the two-Higgs-doublet models (2HDM). This is the aim of this article. 

Several reasons can be given to justify the study of the standard model with two doublets. In our 
opinion, the best reason is the fact that there is no information about the Higgs sector. Hence, given 
the crucial role that the scalar sector plays in the theory, it is at least prudent to explore reasonable 
extensions of the minimal Higgs sector. 

Over the last few years, a great deal of work has been invested in the study of several production 
and decay mechanisms associated with the Higgs bosons of the 2HDM. Fortunately, this large amount 
of work is beautifully and systematically presented in the Higgs Hunter’s Guide Q, which we shall 
consider as our basic reference for the work done until the end of 1989. 

Several authors have performed one-loop calculations in the 2HDM. After the experimental evi¬ 
dence for a top quark mass |Q, Mendez and Pomarol Q have computed, in the unitary gauge, the 
0{mt ^/corrections to the hadronic width of the Higgs bosons. In the minimal supersymmetric 
standard model (MSSM) several authors ||^] have estimated the process which is forbid¬ 

den to occur at tree level. Because of this fact the calculation can be done, including all reducible 
and irreducible 3-point functions and do not require the specification of the renormalization scheme 
and the calculation of the counterterms. Another relevant work with a great deal of details about 
the renormalization of the MSSM is the article by Pierce and Papadoupolos |p where they have 
considered one loop corrections to the decay H ^ ZZ. However, to preserve the mass sum rule for 
the renormalized masses of the neutral Higgs bosons, they introduce a MS scheme to renormalize 
the angle (5. Clearly, this is not entirely consistent with the on-shell scheme and furthermore it is 
not valid in the general 2HDM. A systematic on-shell renormalization study for the Higgs and gauge 
boson sectors of the MSSM was carried out by Chankowski, Pokorski and Rosiek |^. Here we present 
a similar work for a general 2HDM. The potential depends on seven real parameters rather than 
three as is the case for the MSSM. On the other hand, instead of renormalizing the parameters of the 
potential, as was done by Chankowski et al. |^, we renormalize the masses mn, ruh, mA, and mn^ 
and the angles j3 = tan{v 2 /vi) and a. 

2 The Higgs potential 

To define our notation we start with a brief review of the two-Higgs-doublet potential. Let (pi, with 
i=l,2, denote two complex scalar doublets with hypercharge Y=l. Introducing the complete set of 
invariants xi = (pipi, X 2 = <p\ 4 > 2 , = Re{p\(p 2 } and X 4 = Im{p\p 2 }, h is clear that the most 

general SU(2) ( 8 ) U(l) invariant renormalizable potential depends on 14 real parameters and can be 
written in the form 
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( 1 ) 


4 4 

y = - ^ njxi + ^ . 

2=1 


Under CP the fields transform as 


ct>, ^ 6 *“*,/.: ( 2 ) 

with arbitrary phase ai. Choosing these phases to be zero, it is immediate to conclude that an explicit 
CP conserving potential, Vcp, has = 614 = 624 = ^34 = 0 . Hence, Vcp depends on 10 real arbitrary 
parameters. However, such a potential could still break CP spontaneously H]- In a previous paper 
O we have shown that there are two possibilities to impose in a natural way that the potential has 
only CP invariant minima. These require 613 = 623 = 0 and either /rg = 0 and 633 / 644 or ^3 / 0 
and 633 = 644. Here we shall use the first version of the potential which we rewrite in the form: 


V = -fifxi - /J 2 X 2 + AiXg + X2xl + A 3 x| + A 4 X 4 + A5a:iX2 . (3) 

Notice that this 7 -parameter potential obeys the discrete symmetry (pi —cpi which is usually intro¬ 
duced to guarantee the absence of flavour-changing neutral currents (FCNC) in the tree-level Yukawa 
couplings. It is interesting to point out |ll| that potentials with only CP invariant minima are con¬ 
sistent with the absence of FCNC in the fermionic sector. Now, denoting by Viji /2 the vacuum 
expectation value of each of the two doublets, we can write (pi in the form 

(vi + bi + ici)lV^ 

where af are complex fields, and bi and Ci are real fields. This, in turn, enables us to rewrite the 
potential ( 3 ) as: 
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with the matrices Mp, and T defined as 


Mp = 


vl -V1V2 
-V1V2 vj 
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Ti — + Xivf + 


A 3 + As 
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(6c) 

(7a) 


T 2 = V2{-nl + A2^^2 + 


A 3 + A, 


5„,2s 


(7b) 


The conditions for a local extreme of the potential are Ti = T 2 = 0. Diagonalizing the quadratic 
terms of V one obtains the mass eigenstates: 2 neutral CP-even scalar particles, H and h, a neutral 
CP-odd scalar particle, A, and the would-be Goldstone boson partner of the Z, Go, a charged Higgs 
field H^and the Goldstone associated with the W boson, G^. The relations between the mass 
eigenstates and the SU(2)(8)U(1) eigenstates are: 
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62 
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Rn = 


tan f3 = 
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— sin P cos P 
cos P sin P 


tan 2a = 


VlV2{X3 + As) 


(9b) 
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vi X 2 V 2 - Xivj 

For the renormalization program it is convenient to rewrite V in terms of the mass eigenstates. 
After some straightforward algebra one obtains: 


C = - 



Mjj , Tais + Ts sin^ a | \ + T5 cos^ a 

2 ^ vsm2P 112 ^ 
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Ml 




V sin 2/3 

Tg/s + Ts cos^ P 
V sin 2/3 


-g: 


V sin 2/3 

2 j Tg p + Ts sin^ P 
V sin 2/3 


( 10 ) 
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with 


-AGo 

-G+G 


-I 

V J 


- H^H- j 

TqfB + Ts sin^ P 
V sin 2(5 




- {H+G- + G+hG 


V sin 2(5 

+ cubic and quartic terms 
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Th 

Th 


= Rn 


Ti 

T2 


(11a) 


Ts = Th sin 6 + Th cos 5 


(11b) 


Taf} = sin P{Th cos a — Th sin a) (He) 

and 5 = a — (5. As we have already pointed out, at tree-level, all T-terms are zero. So, at tree-level, 
the linear terms and the mixed terms vanish and the coefficients of the terms with quadratic fields, 
are, as they should be, their mass squared. However, at one-loop order these statements are no longer 
true, and this particular form of writing V will be useful in the derivation of the counterterms to 
renormalize some scalar particles Green’s functions. 


3 The lagrangean 

3.1 The classical lagrangean 

For completeness let us write the classical lagrangean of the standard model in the form: 

Cc = CyM ++ Rs + Ry ( 12 ) 

where CyM is the gauge boson sector of the model, denotes the fermionic kinetic term and their 
couplings to the gauge bosons, Cs stands for the scalar sector of the theory and Cy denotes the 
Yukawa couplings of fermion and scalar particles. The first two terms of eq. (12) are the same for the 
standard model and for the 2HDM and so there is no need to write them explicitly here. The scalar 
lagrangean is given by; 


2 

= (13) 

i=l 

where 


D^ = d^- igil^W; + 192^ (14) 

is the covariant derivative and V {4>i,(p2) is the potential that we have discussed in the previous 
paragraph. The Yukawa lagrangean is, again, a straightforward generalisation of the similar form in 
the standard model. In principle we could write all terms in Cy in the form 

4[u (15) 
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where the g^j are arbitrary Yukawa constants and i and j are quark generation indices. However, to 
avoid the existence of tree-level FCNC, one should impose the condition that the same scalar donblet 
(j)^ does not couple to both up and down qnarks. There are essentially fonr ways of doing this and so 
there are fonr variations of the model. A further discussion of this point, which is not relevant for the 
renormalization discussion, can be found in the Higgs Hunter’s Guide |Q]. The four different models 
will be presented in Appendix A. 


3.2 The gauge fixing and ghost lagrangeans 

At the quantum level the action involves another contribution to the lagrangean called the gauge 
fixing term, Cgjr. The existence of such a term is by now a textbook subject. So, we can simply state 
that calculations are easily done in the so-called linear gauges given by 


^g:F = - izMzGof - ^\d.W+ + iiwMwG+\^ 


(16) 


where ^A, iz are arbitrary parameters and the Z and the photon field. A, are expressed in terms 
of the original gange fields by the eqnations: 


Z a = cos + sin OwBn 


(17a) 


Au = — sin 6<wkk„ -I- cos OwB^ 


(17b) 


Just for completeness let us recall that 


Mw = -jvgi 


(18a) 


= \v\Jgi+g2 


(18b) 


and the electric charge e is given in terms of the SU(2) and U(l) gauge couplings, gi and g 2 , 
respectively, by the relation: 


e = 


5152 


\/5i + 52 


(18c) 


We perform our calculations in the on-shell renormalization scheme and the physical parameters of 
the theory are the fermion masses, the Higgs masses, the gauge bosons masses, the angles a and 
(3, the CKM matrix elements and the electric charge, e. In this scheme, the Weinberg angle is not 
an independent parameter but just a shorthand notation for the ratio of the W and Z masses, i.e., 
cos 9w = M\y/Mz- As was stated and explained by several authors |^| an alternative scheme, which 
takes advantage of the good precision of the measurements of the Fermi coupling constant, Gp, is 
obtained replacing Mw hy Gp. 

The introdnction of Cgp, which essentially removes the contribution of equivalent orbits in the 
Feynman path integral, induces the existence of ghost fields. After Becchi-Rouet-Stora-Tyutin |l^] 
symmetry was discovered the best way to introduce the ghost contribution is to follow the method 
advocated by Baulieu [O] , where this symmetry is promoted to the role of replacing at qnantum level 
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the classical gauge symmetry. In this way, one can be sure to obtain all ghost interaction terms and 
in particular the 4-point interactions^. However, with our choice of gauge fixings, one could also use 
the better known Faddeev-Popov prescription [^]. In any way we obtain: 


Crv = -C" 


+ M. 


c- -C 


9 ^ + M, 


w 


C+ -C^ 


+ m| 




—C^ -|- cubic and quartic terms. 


(19) 


The cubic and quartic terms are similar to the ones in the standard model with the replacement 
H(SM) H cos 6 — h sin 6. 


4 The renormalization program 

4.1 Renormalization of the fields and parameters 

So far, the fields and parameters in the quantum lagrangean are bare. When this lagrangean is used 
to calculate the Green’s functions in perturbation theory, renormalized fields and couplings have to 
be introduced. In fact, the calculations of some Feynman diagrams give divergent results. The use of 
a regularization prescription, in our case dimensional regularization, isolates the divergences in a well 
prescribed way. Furthermore, the proof of renormalizability, already obtained in 1971 Q, shows that 
these ultraviolet divergencies can be absorbed by a suitable scaling of the fields and parameters of 
the theory. Deciding on a renormalization scheme, in our case the on-shell scheme, fixes the relation 
between renormalized and unrenormalized Green’s functions. This is the general framework for the 
renormalization of 2HDM that we use. However, even in the simpler standard one-Higgs model, 
the same on-shell renormalization scheme can be implemented essentially in two ways. In the first 
one, followed by Bohm et al. |^] the gauge boson field renormalization, respects the original gauge 
symmetry, i.e., the scaling is 


''V 






The second alternative followed by Aoki et al. introduces the scaling at the level of the physical 
helds, W, Z and A. Then, since Z and A have the same quantum numbers they get mixed under 


renormalization, i.e., 



7I/2 

^zz 

71/2 

^AZ 


.1/2 

. 1/2 

AA 


1- 

1- 

1_ 

-1 

-1 

_1 


(20a) 


and 




(20b) 


where the bare fields are denoted by a zero subscript. At first glance it looks as though the first 
alternative is more economical. However, this is misleading since in this scheme the gauge fixing 
involves 6 renormalization parameters, whereas in the second, the jCgj^ is, essentially, unrenormalized. 
Leaving aside the fermionic sector, the comparison between the renormalization parameters in the 
two schemes is shown in table I. 


^see ref. for a further discussion of this point 
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In our extension to the 2HDM we found that the second scheme turned out to be the most 
convenient one. This we will explain in the following paragraph. To close this section let us define 
some of the entries in table I, in particular the ones that will be used later. The mass counterterms 
are introduced in the renormalized lagrangean via the scaling 

(21a) 

M| ^ M| + 5MI (21b) 

Mfj ^ Mjj + 5Ml . (21c) 

The scaling of the Higgs field and of the would-be Goldstone bosons, i.e., 

H z]j‘^H (22a) 

Go ^ 4 /'Go (22 b) 

G+ ^ Zi/+G+ (22c) 

introduces the remaining wave function renormalization parameters. The counterterm T, which stands 
for tadpoles is needed to cancel the one-particle irreducible Green’s functions. Later on we will come 
back to this point. 

4.2 Renormalization of the gauge fixing 

We start this discussion with the standard one-Higgs model. In the scalar part of the lagrangean, Cs, 
after the symmetry breaking, two-particle mixed terms of the form iMwd^W~G^ are generated. To 
define the propagators of the theory those terms have to be eliminated. This is obvious in the unitary 
gauge where the would-be Goldstone bosons disappear, but it is also true in the gauges where the 
last term in eq. (16) gives a contribution with the opposite sign to the term that we have considered. 
Glearly, if the gauge fixing is renormalized, the introduction of the same relations between bare and 
renormalized fields both in Cs and Ggjp makes this cancellation true to all orders in perturbation 
theory. Then one is left with no counterterm to renormalize the mixed W~ two-particle Green’s 
functions, represented in fig 1. 

For illustrative purpose let us write a linear Cgj^ in the general form 

= + eW+G+) (d^W- - ^X-G-) + ... (23) 

where X^G^ is defined by the integral 

X+.G+ = I d^yX+ix - y)G+iy) (24) 

and X^{x — y) \s a. distribution. 

The renormalization implies 



(25b) 


W„, 




G+ ^ Z^''+G+ . (25c) 

Thus, if one renormalizes the function X~^ such that 

(25d) 

it is clear that the mixed terms remain unrenormalized. Furthermore, with the condition Z^ = Zu/, 
all the terms in the lagrangean given by eq. (23) remain unchanged. However, if one tries to apply 
the same recipe for the 2HDM we end up with the following counterterms generated by Cqj: , 


= ... + (iMwZ~'^l’^z]lldm-^ii- + /i.c.) 


(26) 


Such a counterterm with the opposite sign is generated by the scalar piece of the classical lagrangean, 
£ 5 , which means that, now, the two-particle WH Green’s function is left without counterterm. For¬ 
tunately, Baulieu [14| has proved within the BRST framework that a linear gauge fixing term is not 
affected by radiative corrections. So, rather than struggling with gauge fixing lagrangeans with extra 
parameters, we will follow Ross and Taylor in their celebrated paper and do not renormalize 
given by eq (16). In other words, the fields and parameters in this eq. are already assumed 
to be the renormalized ones. Furthermore, in the calculation we choose = iz = iw = 1) which 
corresponds to the usual Feynman-t’Hooft gauge. 


4.3 One-particle irreducible Green’s functions 

After the discovery of the BRST symmetry, the renormalization of gauge theories is proved using 
BRST Ward identities. In the one-doublet standard model, these identities are independent of the sign 
of the term in the Higgs potential. Then, the proof of the renormalizability of the spontaneously 
broken standard theory, follows immediately. 

Recently [^, Schilling and van Nieuwenhuizen have explicitly proved the multiplicative renormal¬ 
ization of an SU(2) gauge model. In this case, both the vacuum expectation value, u, and the scalar 
field are multiplicatively renormalized by a different Z factor. Hence, it is clear that, in this case, the 
tree level condition —-|- \v^ = 0 is not mantained in higher orders. In the potential, —-|- \v^ is 
the coefficient of the term linear in the Higgs field. So, in this multiplicative renormalization scheme 
there will be renormalized linear terms in H. 

An alternative is to introduce an additive renormalization scheme for the scalar fields. In other 
words, we shift the fields by an additive constant such that their vacuum expectation value vanish 
order by order. This is the scheme that we follow here. 

In fig. 2 we show these so-called tadpole diagrams together with their counterterms chosen in such 
a way that the renormalized Green’s functions vanish. These conditions, namely 


TiH + Th = Q (27a) 

'Zh + Th = ^ (27b) 

fix, order by order, the values of Tn^h- Notice that, because of GP conservation, there is no tadpole 
diagram for the pseudoscalar field. 
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Naively one could assume that this corresponds simply to forget about the tadpole diagrams. 
Indeed, this is the case, for any diagram that differs from a lower order one by a simple addition of a 
tadpole subgraph. However, we still have to evaluate the counterterms given by eqs. (27,a,b) because 
those counterterms are going to influence the results for two-point renormalized Green’s functions. 
This is already seen in eq. (10) and it will be shown in the next paragraph. 

4.4 Two-particle irreducible Green’s functions 

In this section we discuss the renormalization of the two-point Green’s functions. The only differences 
from the standard model are in the scalar sector and in the mixing between the scalar and gauge 
boson sectors. Hence, we only discuss those cases and refer to Aoki for the remaining two-point 
functions. 

Let us start by showing that the bilinear scalar terms in the tree level Lagrangean have exactly 
the same form that in the one-Higgs SM Lagrangean. Using again only the charged sector as an 
example, the bilinear terms of the kinetic Lagrangean can be written as 


i i 

+ iMw (lT+(d'^a-) - IU^-(d^a+)) + ... 


where the two fields a* are eigenstates of SU(2), xi = vijv = cos/3, = v^jv = sin/3 and = vl+V 2 - 
The scalars kinetic term is 


and the W boson mass term is 


and finally the mixing term is 


M^W+W>^- (x? + xl) 

iMwd^W^ (^xia^ + X 2 a 2 ^ + h.c. . 


(29) 


(30) 


(31) 


As we have seen, the relations between the SU(2) eigenstates (oi and 02 ) and the mass eigenstates 
(H and G) is: 


= —X2H -|- xiG 
02 = XiH~ + X2G~ 


(32) 


So we readily see that only the Goldstone boson, xio^ + ^ 20 ^ = G~, appears in eq. (31) which 
means that there are no extra terms in the mixing. On the other hand, the terms (29) and (30) can 
be written in the following form 


(x? + xi) [(5^77+)(d^H-) + (d^G+)(d^G-) + M^IU+IU^- 
Now, if we renormalize the angle with the condition (5q = (5 + 5f3, we get 

(^Xi + xi) = cos^(/3 -|- (5/3) -|- sin^(/3 -k 5/3) = 1 


(33) 


(34) 
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and, of course, this relation holds to any order of perturbation theory. 

We can now start the renormalization program from the tree-level Lagrangean. The renormalized 
fields and masses are defined by the relations 




0 


r ^ 1/2 7 I /2 

^H+H+ ^H+G+ 

7 I /2 7 I /2 

L ^G+H+ ^G+G+ 




(35) 


Mfj+Q = + SMfj+ . 


Now we have to hnd the counterterms for the two point functions. The bilinear terms in the La¬ 
grangean for the charged Higgs sector are 


£ = -H 

L " 

-G+ ^ 

L " 

-\-ZQ+Q+d‘^ 2 


Zn+H+id^ + Mfj++5 Mfj+) 
Taf} + Ts cos^ (3 


n ■ 

V sin 2p 
ZH+G+id‘^ + M]j++5Ml+) 
Tap + Ts sin^ p 


(36) 


V sin 2/3 


G- 




^H+H+^HtG+(9'" + M'fj+ + 5Mfj+) 


A/2 


y\/2 ^1/2 , Ts 

^ ^G+G+^G+H+^ „ 


G- + h.c. . 


Using the usual recipe for on-shell renormalization, that is, demanding that the pole stays at the 
physical mass and that the residue is one, we arrive at the following set of renormalization conditions 


'Th+h+{^h+) — Zh+h+^^h+ + ^g+h+^h+ — 2 


Tap + Ts cos^ P 


V sin 2/3 


= 0 


A 

dq 


-JPP2^H+H+{^H+) + ^H+H+ + ^G+H+ — 0 


(37a) 

(37b) 


^G+G+(0) “ Zh+g+{Mh+ -I- SMfj+) — 2—2^—r -^——— — 0 (38a) 

V sm 2/3 

^^^G+G+(0) + ■^G+G+ + ^H+G+ = 0 (38b) 

S^+G+(0) - z]'l^^z]'l^^{Ml+ + 5Ml^) - ^ = 0 (39a) 
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(39b) 


^g+h+{mI+) - + Z]II^^Z]II^^MI^ " V = °- 


With these six equations we can determine the five renormalization constants. Notice the explicit 
appearance of the tadpole counterterms. There is one dependent equation due to a Ward identity in 
the charged sector, which is; 


< 0\T^^^W+^’'W-\0 > -iMw < 0|TG+9'^WT|0 > 

+iMw < 0|Ta^W+G-|0 > +M^ < 0|rG+G-|0 >= 0 . 


(40) 


Finally let us discuss the mixed terms in the charged sector. Bearing in mind the discussion about 
the gauge fixing Lagrangean in the previous section, the counterterms can be taken from 


C = 


i(M2, + W^)V2^V2^V_2^^ 


W-df^G+ + h.c. 


(41) 


The gauge fixing Lagrangean (23) will cancel the tree level terms in (41) and so, the final mixed 
Lagrangean is, in fact, a counterterm Lagrangean for the self-energies WG and WH. Notice that we 
did not explicitly introduce any counterterms for the Green’s functions WG and WH. So, we end up 
this section by writing simbolically Ziy+g+ Ziy+jj+ as 


= ik,{M^ + bMl,fl‘^z]l^z]ll^^ (42) 

^wIh^ = + ml,fl‘^zfz)ll^^ (43) 

The complete set of counterterms for the scalar and mixed sectors can be found in Appendix B. 


4.5 Three-particle irreducible Green’s functions 

In the on-shell renormalization scheme that we have adopted, the gauge couplings g\ and g 2 are not 
independent parameters. In fact, they are both related to the gauge boson masses and to the electric 
charge, e, i.e.. 


Mz 

Qi = e- 

Mw 

Mz 

® ‘( Mi-Miyn- 

Then, in the one-Higgs model, only one further renormalization constant Y = beje remains to be 
fixed. This is simply done by imposing the condition 

’u(m/)r^u(m/)|fcM^o = u'^^u (44) 

for any charged fermion, where is the renormalized three-point photon fermion vertex. Usually, 
following the traditional QED prescription, where the Thompson limit was introduced to define 
a = e^/(47r), one uses the electron as the charged fermion. However, the universality of the on-shell 
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charge, guarantees that one can use any charged fermion. Since the theory is by itself well defined, 
one could alternatively fix Y by using the renormalized W^W~^ three-point function, namely 


e/3(p)e7(g)r^ 


,/ 37 /i 




= lim [e{q).{k — p)€^{p) 


+ {p - q)^e{p).e{q) + {q - A:).pe^(g)] = 0 . 


(45) 


Besides the gauge coupling renormalization, fixed by the photon coupling, the W quark-quark 
vertex requires the additional renormalization of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. 
For the standard one-Higgs model this renormalization of the CKM matrix was evaluated by Denner 
and Sack In this article we extend this analysis to the 2HDM. 

Let us consider the decay —> uidj, where I, j= 1, 2, 3 are the generation indices (upper case 

for up quarks). At tree-level the decay amplitude is 


T = Vi,T o 


(46) 


with 




(47) 


At one-loop, in the on-shell renormalization scheme the self-energy corrections to the external legs 
vanish and the proper vertex diagrams give an amplitude Tf that can be written in the form 


= VijToA, (48) 

where A stands for the result of the loop calculation. To obtain the full one-loop amplitude one has 
to add the counterterms, i.e.. 


Ti = + Tf 


(49) 


with 


Tf = 


' 6 g 1 



+ 

L 5 2 J 

2 




(50) 


VijTo 

+TodVi, 

Now we have to face the problem of imposing some conditions to fix the CKM counterterms SVij. 
Denner and Sack |W] have split the quark wave-function renormalization parameters, 6 Z^ into its 
hermitian and antihermitian contributions, namely, 


SZ^ = ^{5Z^ + 6Z*^) + ]^{5Z^ - 6Z*^) 


(51) 


and then they have fixed 6 Vij by the condition 


6 V 1 , 


1 

4 


. J 


6Z^)jiVjj + ^ Viii5Z^ 

i 



(52) 


It is possible to prove [^] that 6 Vij is needed precisely to cancel the divergent contribution to the 
righthand side of eq. (52). Hence, the use of eq. (52) to fix also the finite piece of 6 Vij is a possible 
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choice. Alternatively, one could select four physical Wqq decay processes and impose the vanishing 
of Ti for these decays. In this case, the transitions W~^ —> ud\ us] —> ub and t —> bW~^ 

could form an interesting set. However, this process has the clear disavantage of shifting all one-loop 
correction to some amplitudes. 

Since the renormalization of the CKM matrix vanish in the limit of degenerate down quark masses, 
most loop corrections to the W decay process are done in this approximation. This is equivalent to 
drop the last term in eq. (50) and, in the same term, to replace the sum over J and i simply by the 
J=I and j=i contributions. Hence, in this approximation Ti is directly proportional to a single CKM 
element, Vjj. As far as we know all standard model analysis of the values of the CKM matrix elements 
are done in this approximation. In fact, the work of Denner and Sack has shown that the error of 
this approximation is of the order 10“®, far smaller than any other theoretical and experimental 
uncertainties. 

In the 2HDM, one can do a similar analysis with the difference that there are further contributions 
to the irreducible vertex and to 6 Zl coming from diagrams with neutral and charged Higgs. Because 
some of these vertices could be enhanced by the factor tan/3(cot/3), one could expect to see such 
enhancement in the result. 

In the 2HDM there are two further couplings, a and /3, that need to be renormalized. This can be 
done imposing some physical conditions on the renormalized three-point or four-point scalar vertex 
functions. There are in this model 8 cubic and 14 quartic vertices among the neutral and charged 
Higgs and any two of those can be selected. However, most of these vertices have a complicated 
dependence on the angles and, furthermore, without knowing the Higgs masses it is difficult to select 
a physical process like for instance H ^ hh. Luckily, the vertices eeh and H^ev which induce the 
tree-level decays h e+e“ and H~ e~v, have a simple dependence on the angles (see table II) 
and, at the same time, we already know that the present bounds on the Higgs masses allow these 
decays to occur. 

In a recent calculation of the top-loop contribution to the decay —> hW^, where the 

vertex depends only on the combination (3 — a, we renormalize (/3 — a) using the corresponding 
process —> HW~^. In the absence of any information on Higgs scattering and Higgs leptonic 
decays this is perhaps the only consistent way to proceed. 
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A Feynman rules 

In this appendix we present the Feynman rules for the interactions involving scalar fields. All other 
interactions are standard and can be found in [^. We have chosen the Feynman-t’Hooft gauge and 
followed the convention that all the momenta in the vertices are incoming. 

We start by defining the following quantities: 

Aap = cos^ (5 sin a + sin^ f5 cos a 
Bajj = cos^ (3 cos a + sin^ (3 sin a 
Cap = sin^ a cos /3 + cos^ a sin (3 
Dap = cos^ a cos (3 — sin^ a sin (3 . 


In the Yukawa lagrangean, the fermions can couple with the scalars in four different and independent 
ways, with no flavour changing. The couplings for those models are shown in table II. In Model I 
only 4>2 couples to all fermions; in Model II 4>2 couples to the quarks and (/>i coulpes to the leptons; in 
Model III (/)2 couples to the up quarks and to the leptons and (pi couples to the down quarks; finally 
in Model IV (f >2 couples to the up quarks and (pi couples to the down quarks and the leptons. The two 
Higgs doublets (pi and (p 2 are defined in the expression (4). These couplings will be used in section 
A.3. 
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A.l Triple scalar vertices 

AAh -^{iSksBag-Mhms) 

AAH -it{AsA„s + Ml^ms) 


hhh 

3iq 7 A 

Mws\n2p^'^P 

HHH 

3ig 

Mw sin 2/3 

hHH 

iq sin2Q:sin(3(2M^+M^) 

2MyY sin 2/3 

hhH 

iq sm2a cos S(M^+2M^) 
2M\^ sin 2/3 

hH^G^ 

^H+) 

HH^G^ 

2M;^sin5(M^ Ml+) 

hAGo 

2Mw ^a) 
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HAGq 

5^sin5{Mj-Afl) 

hGoGo 

2Mw.sin(5M2 

hG+G+ 

2Mw.sin(5M2 

HGoGo 

2Mw 

HG+G+ 

2Mw 

AH^G^ 

^ 2Mw ^H+ ) 


A.2 Quartic scalar vertices 


H+H-H+H- 

AAAA 

AAH+H- 

H+H-hh 


w 


sin"' 2/3M, 






jg_ 


' sii?' 2/3M, 


2M?, 


^{MjjAl^p + 

ap sin 2a cos 8 — 2M‘^Bci(}Dap) + 2M^ 


sin^ 6 
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H+H-HH 


2 ^ + M^Bap sin 2a sin 5) + 2Mjj+ cos^ 5 

AAhh -^^^{Al‘jjAapA\i2acos5-2MlBapDa,p)+ 2M\siv? 5 

AAHH ^^^{‘^MfjAapCap + M^Bap sin 2a sin <5) + 2M| cos^ 6 

H^H~Hh “2M^ sin 2 q; sin 5 + sin 2a cos 5) — M^+sin 2(5 

AAHh -^^-^{Al‘fjAo.ps\ii2as\ii5 + Mf^Bapsia2acos5) — M\sm25 

hhhh - (4M^ Dl^ + Mjj sin^ 2a cos^ <5) 

- AsJfpMl i^h sin' 2a sin^ ,5 + AMjjCl^) 
hhhH — g siS^pM^ ^oip sin 2a cos 5 + Mjj sin^ 2a sin 26) 

HHHh ~ ssiJ%M^ ^^h sin' 2a sin 26 + AMjjCc^p sin 2a sin (5) 

hhHH -4^$% [Mh - Ml + ^(sin^ 6Ml + cos^ 6Ml) 

AAG.Go - Ml) + 3(sin2 6Mj, + cos^ 6Ml) 
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H+H-G+G 


[Ml + - Ml) + 3(sin2 SMj, + cos^ SM^) 

H^H^G^G^ -^{-Ml + sin^5Ml + cos^5Ml) 

H^H^AGo -^{-Mjj+ + sin2 5Mjj + cos^ SM^) 

G+G-AA \Mh+ + ^^{cos6AapMlj - sinSBaf^Ml) 

H+H-GoGo [m^+ + 1 (cosM,^M2 - AndB^pMl) 

I- ^ 

H+H-H^a^ [g^(A„gMl + 

H+H-G„A + B„gMl) 

W ^ ' -I 

-M: 

AAH^a^ + B^pMi) 

G+a-GoA -^sia2S{Ml - Ml) 

G+G-ffTO± -^sm2S(M},-Ml) 
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GoGoGoA 


-§^An25{M%-Ml) 

GoGoH^G^ sm26{Mfj - 

G~^G~hh ~ 4 M‘^ ^^^{sm2acos‘^ SMjj — 2 sin SDafsM^) + 2 008 “^ SM‘^+ 

GoGohh ~Im^ ■^^^{sm2acos'^ 5M^ - 2 sin 5Dai3Ml) + 2 cos'^ 5M'^ 

G^G~HH ~^fT- cos 6 Gaf 3 Mfj - sin^ S sin2aMl) + 2 sin^ 5Mfj+ 

GoGqHH “ 4 ^ ^^^{2 cos SGapMjj - sin^ 5 sm2aMl)+ 2 sin^ SM\ 

H^G^HH [^{icos 6 G^pM]j + sm26sm2aMl) - 2sin25M|+' 

H^G^hh ~ sm'^ ^j^^(sin25sin2Q;M^ + 4 cos(5Z)q^M|) + 2sin2(5M^+ 

AGqHH -^^^{icos SGa^Mfj + sm26sin2aMl) - 2sm25M\ 

AGohh “8M^ ^j^(sin2Q;sin25M^ + 4 cos(5L)o^M^) + 2sin2(5M^ 

G^H^hA ±^sin,5(Ml - 

W 
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G^H^HGo 

G^H^hGo 

G^H^HA 

G+G-hH 

GoGohH 

G^H^hH 

AGohH 

G+G-G+G- 

GoGoGoGo 

G+G-GoGo 


±T^ 


4M^ 


-L .9^ 


- .9^ 
‘4M^ 


ig^ 


ig^ 


ig^ 


ifP 

■4M^ 


'^9 

'4MT, 


■4M^ 




4M,i 


sin5(M^ — M^+) 
cos 5{M\ — 
cos 5{M\ — Mfj+) 

-m 2)+ 2sin25M^; 
;i^(M^- m 2)+ 2 sin 25M1 
■fi^(sin2 ^^2 + ^0^2 ^^2) _ 

'i^(sin2 ^ ^Qg2 ^^2) _ pQg 2,5Mj 

(sin2 5M| + cos2 SMfj) 

(sin2 5M| + cos2 SMjj) 

(sin2 5M| + cos2 SMfj) 
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A.3 Fermion-scalar vertices 


CiCih 

2Mw 

UiUih 

ig cos a _ 

2Mw sin/3 ""“i 

didih 

2Mw ^dh'^di 

eiCiH 

2Mw 

UiUiH 

ig sin a _ 

2Mw sin /3 "‘ni 

didiH 

2Mw ^dHrridi 

eieiA 

2Mvv./^e"^ei75 

UiUiA 

2Mw cot/3m„,75 

didiA 

2Mw 
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UiUiGo 

2 Mvy 

d^diGo 


eiViH+ 


UidjH~^ 

2 VlMw (1 + 75) + cot Pmuiil 75)] 

ViCiH- 


diUjH~ 

2 v 4 mvk + ^5)] 

eiViG^ 


UidjG^ 

2v4m^^*4 md,{l+75) + mu,{l 75)] 

VieiG~ 

2 v 4 mw”^'=»^^ 

diUjG~ 

2 v4m^^*H 75 )+m„^^(l + 75 )] 
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A.4 Gauge boson-scalar vertices 


hZp^Zy 

-igMw sin 5g^ 

hw+w- 

-igMw sin 5g^ 

HZ^Z, 

igMw cos 6 gfj_„ 

HW+W- 

igMw cos 5g^u 

hhZfj^Z^ 

ig^ 

2 

hhw+w- 

ig^ 

2 9gv 

HHZ^Z, 

ig^ 

2 9gv 

HHW+W- 

ig^ 

~9gv 

AAZp^Zy 

ig^ 

2 9gv 

AAW+W- 

ig^ 

2 9gv 

GoGoZ^Ziy 

ig^ 

2 9gv 
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GoGoW+W- 

ig^ 

2 9gv 

H+H-Z^Z, 

2ie^ cot^{29w)ggu 

H+H-W+W- 

ig^ 

~9gv 

G+G-Z^Z, 

2ie^ cot^{2ew)ggu 

G+G-W^WZ 

ig^ 

~9gv 

H+H-A^A, 

‘^ie'^ggu 

G+G-A^A, 

‘^ie'^ggu 

H+H-A^Z, 

—2ze^ cot‘^{26w)gf 

G+G-A^,Z, 

—2ie^ cot‘^{20w)g^ 

H^AW^A^ 

_j_ g'^ sin{ew) „ 

^ 2 
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H^AW^Z, 

^tsI^{ew)g^Jiu 

G^GoW^A, 

1 g'^sm[ew) „ 

2 

G^GoW^Z, 


H^hW^A^ 


H^hW^Z, 

cos 5 ^ 2 ^ tan(6'iy)g'^,^ 

G^HW^A, 


G^HW^Z^ 

cos 5 ^ 2 ^ tan(6'ty)g'^,^ 

H^HWjfA^ 


H^HW^Z^ 

sin (5^ 2 ^ 
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G^hW^A, 


G^hW^Zy 

— sin (5^^ sm(6>iy) 

G^W^A, 

iMweg^^ 

G^W^Z, 

iMwetanOwgfMi/ 

A^H+H- 

ie{pH+ -PH-)ti 

Z^H+H- 

-iecot{2ew){PH+ -Ph-) 

A^G+G- 

ie{pG+ -PG-)^l 

Z^,G+G- 

-iecot{2ew){PG+ -PG-)f 

Z^HGo 

cos 6 {ph PGo)i. 

ZfihA 


Z^,HA 
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Z^^hGo 

^ sm S(pGo Ph)^^ 

W^H^A 

^{Ph± - pa) 11 

W^G^Go 

f(PG± -PGo)^l 

W^H^h 

±i cos 5 ^{Ph± -Ph)fi 

W;^G^H 

±icosS^{pG± -Ph)ii 

W^H^H 

±i sin 5 ^{Ph± -Ph)ii 

W^G^h 

sin 5 ^{Pg± -Ph)fi 


28 



A.5 Ghost-scalar vertices 


C^C^H 


C^C^h 


C^C^Go 

_i_ if/Mw 
^ 2 

CzCzH 

cos (5 

2 cos 6w 

CzCzh 

igMz ; r 

2cos6»v^ 

C^CzG^ 

=h ^2 cos(20vr) 

C^GaG^ 

=fieMw 

CzG^G^ 

igMz 

2 
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B Renormalization constants 


B.l Two-point functions 
B.1.1 Scalar counterterms 

In the CP-even scalar sector the six renormalization constants, Zhh, Zhh, Zuh, Z^H: SMJj and 
are determined by solving the following set of equations: 

^hh{mI) - ZhhSMI - ZhH{Ml -Ml + 5Ml) - 2 ^"^ =0 (B - 1) 

V sm zp 

+ Zhh + ZhH = 0 (B - 2) 

T.hh{Ml) - ZhhSMl - ZuhiMl - Ml + 5MI) - = 0 (B - 3) 

'v sm 

+ Zm + Z„» = 0 (B - 4) 

T.„h(mI) - - z]liz];i{Ml - Ml + ml) - 2^^^ = 0 (B - 5) 

- zlUzl'^SMl - zlilz'JliMl - Ml + SMl) - 2^|^^ = 0 . (B - 6) 

The CP-odd scalar sector has five renormalization constants to be determined, Z^a, Zq^q^, ^aGoj 
ZgqA and 5M\ , because the Goldstone boson Go is massless. From the following set of 6 equations 
only five are independent due to the Ward identity equivalent to eq. (40) but for the neutral sector; 


T.aa{mI) - ZaaSMI - Zg.aMI - 2^»/3 ^ = o 

'v sm 

(B-7) 

'J^ZiAAiMA) + Zaa + ZgqA = 0 

(B-8) 

SgoGo(O) Zago{Ma + 6Ma) 2 ■ 2p 

u sm 

(B-9) 

^SgoGo(O) + ZgoGo + ZaGo = 0 

(B - 10) 

^ag,(MI) - z'llz'll^ml + z]lla„z)il^Ml - h = 0 

(B - 11) 

E.,g.(0) - zYaZ'‘11^(m\ + Mp) - (( = 0 . 

(B - 12) 
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Finally, the charged sector behaves like the CP-even one. The five renormalization constants to 
be determined are, in this case, Z^+fj+, Zq+q+, Zjj+q+, ZQ+fj+ and The equations are; 


^H+H+{Mff+) — ZH+H+5M‘jj+ — Zq+h+M^+ — 2 — 0 (B - 13) 

'^^h+h+{^h+) + ^H+H+ + Zg+h+ = 0 (B - 14) 

Sg+g+(0) - Zh+gAM],+ + = 0 (B - 15) 

usinzp 

^^^G+G+(0) + ■^G+G+ + Zh+G+ =0 (B - 16) 

E^+G+(Mi+) - - ^ = 0 (B - 17) 

S^+G+(0) - + 5Ml^) - ^ = 0 . (B - 18) 


The quantities and are defined in equations (11). 

B.1.2 Mixed counterterms 

The complete set of counterterms for the mixed gauge-scalar sector can be written as 


4-1g+ = *(.("»■ + 

(B - 19) 

44+ = + m4)‘'"4744+ 

(B - 20) 

4g„ = 

(B - 21) 

4a = 

(B - 22) 

4g1 = >G(v| + m4)‘'"4744. 

(B - 23) 


(B - 24) 


B.2 Three and four-point functions 

In this section we present the counterterms for the three and four-point functions involving scalar 
and other fields. The scalar-scalar couterterms will not be shown since Higgs scattering and Higgs 
decay involving scalar particles only, in both inicial and final states, is already calculated at tree level 
and was never observed experimentally. So, there is no point in doing loop corrections to processes 
not yet observed. However it is staightforward to deduce any of those counterterms: first rewritte 
the scalar lagrangean as a function of the renormalized fields; then group all terms with the same 
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number and type of fields; the factor that multiples those fields is the held renormalization factor; 
hnally renormalize the coupling. 

All along this section we concentrate on the held renormalization. We use 7 ^ instead of to 
represent the photon held so that it will not be confused with the pseudo-scalar held A. The parameter 
renormalization is written simbolically as Sgijk and Sgijki where i,j,k and 1 are the helds in the vertex. 
These quantities are determined by a simple variation of the independent parameters in the vertex. 
We have chosen as free parameters the particle masses, the electric charge, the two angles in the scalar 
sector (a and (3) and the four independent angles in the CKM matrix. We use several constants as 
a bookeeping to make the vertex expressions simpler. Among them are g, the SU(2) gauge constant, 
0W-, the Weinberg angle, the angle 5 = a — j3 and the couplings expressed in table 2. The hrst three 
can be written in terms of the independent parameters as: 


9 

59w ■ 


5e 

e 2(Af^ — M^) 

5 My/ 

■(M|-M^)V 2 + 


My/5Mz 
Mz{Ml - 


(B - 25) 
(B - 26) 


, 5 (, 5 ) = 5a-513 . 


(B - 27) 


The parameter renormalization in the vertices is easily calculated and so we will just give an 
example of how it is done. In the example we will use the vertex geidh 


with 


^QeiSih 


icXeh'^ei 

2M\y 


5M\y 




-h {Saehrriei + Smeiaek) 


ig 

2Mw 


5ot^ii 


sin a 
sin f3 


5a 


cos a cos (3 
sin^ f3 


5(3 . 


(B - 28) 
(B - 29) 


B.2.1 1 scalar + 2 gauge 



1/2 1/2 

9hzzZy^i^ Zzz + guzzZj^^Zzz + 5ghzz 

HZ^Z, 

1/2 1/2 

guzzZjl^j^Zzz + 9hzzZj^^ Zzz + 5gHzz 


1/2 1/2 
ghzzZf^i^ Zz'y + gHZzZjjf^Zz-y 


gnzzZff^Zz-y + ghzzZl^^Zz-y 

hZ^-^y 

2gnzzZ]!^Z^lz^^ + 2gnzzZ]^lz^lz^^ 
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B.2.2 2 scalar + 2 gauge 

hhZ^Zi, QhhzzZhhZzz + gHHZzZuhZzz + Sghhzz 

HHZ^Zy QhhzzZhhZzz + dhhzzZhuZzz + Sqhhzz 
ghhZzZhhZz-y + gHHZzZuhZz"! 
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qhhzzZhrZz'^ + ghhzzZhnZz'^ 


2ghhzzZhhZz^z^z^^ + ‘^aHHZzZuhZ^zz^y^ 
2gHHZzZHHZl/z^z^y + ‘^ghhZzZhHzHz^z^y 
hHZ^Zi, ‘2‘gHHZzZ]l‘^z]l‘flZzz + ‘^9hhzzZ]/h z]/^Zzz 

2ghhzz’Zgl^ z\l^Zz^ + 2gHHZzZ]j^z]lf^Zz^ 

hHZ,j, \gnhZzZ]!^z]l^Z^lz^^ + AgHHZzZ]ilz]ilzy^,Zy^ 

hhW^ W~ QhhwwZhhZw + gHHWwZnhZw + Sghhww 
HHW^W~ gHHWwZHnZw + ghhwwZhnZw + SgnHww 

hHW^W~ 2ghhww z]Jj^ Z]J^ Zw + 2gHHWwZffffZ]^lZw 

AAZ^Z^ gAAZzZAAZzZ + gGoGoZzZcQAZzZ + SgAAZZ 

GqGqZ^Zi, gGoGoZzZcoGoZzZ + gAAZzZAGgZzZ + SgGoGoZZ 
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QAAZzZaaZz"! + gGoGoZzZcoAZz-f 


GoGolfjilv gGoGoZzZcoGoZZ'r + gAAZzZAGoZZ'i 

AAZ^J^ 2gAAZzZAAZzzZz^^ + ‘^gGoGoZzZcoAZz^z ^z^^ 

GoGqZ^'J^ 2gAAZzZAGQZzzZz^^ + “^gGoGQZzZGoGoZz^z^z^^ 

AGoZf^Z^ 2gAAZzZ^l\z^lQ^Zzz + 25(GoGo^z^GoGo^GoA^^^ 

AG^-i^riv 2gAAZzZ^l\Z%^Zz^ + 25(GoGo^Z^GoGo^GoA^^7 

\gAAZzZTAZ%Z^lz^^ + 45GoGoZz41go41a44'4^^' 

5AAW^iy^AA^iy + ^GoGoiyVK-^GoA^H^ + SgAAWW 
GoGoW^W~ gGoGoWwZGoGoZw + gAAWwZAGoZw + SgGoGoWW 

AGoW+W~ 2gAAWwZ^l\z^lQ^Zyv + 2gGoGQWW Zq^q^z]I^^Zw 
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H+H-Z^Z, 


G+G-Z^Z, 


H+H- 




H+H-^^Z, 


9 h+H-ZZ^H+H-ZzZ + 9 g+G-ZZ^G+H~^ZZ + 9H+H-'y'yZH+H-^'yZ 

1/2 1/2 

+9G+G-'i'y^G+H- Z^Z + 9H+H-'izZH+H~ Z^z 

1/2 1/2 

^9G+G-'izZG^H-Z^Z Zzz + ^9 h+h-zz 


9 g+g-zzZg+g-Zzz + 9 h+h-zzZh+g-Zzz + 9 h+h~ 

1/2 1/2 

+5'G+G-77-^G+G“^7^ + 5'_H'+_H'-7Z-^_H'+G--^7Z ^ZZ 
1/2 1/2 

+5 'g+g- 7 Z^g+g-'^ 7Z Zzz + ^9 g+g-zz 


"j"jZ h+G~ •^7Z 


-Z^ 


9h+h-')')Zh+h-Z^^ + 9h+h-zzZh+h-Zz^ + 5'g+g-zz-^g+h--^Z7 

1/2 1/2 

+5'G+G-77'^G+//-^77 + 9H+H-yzZH+H~Zyy Z^^ 

1/2 1/2 

+9G+G-'yzZG+H~Z^y Z^^ + 


G~^G 5r(7+(7-^^Z(7+(7-Z, 


'77 


+ 9 h+H-ZzZh+G~ Zz^ + S'G+G-ZZ-^G+G- -^^7 

I „ V 7 I /2 7 I /2 

- Zj Zj 


'77 ^Z7 


+5'J7+J7-77^J7+G--^77 + 9H+H--yzZH+G 
+9G+G-'rzZG+G-Z-y{ Z +'55G+G-77 

^ lry\l2ry\l2 . ^l/2„l/2^ , „ „ ^1/2 ^1/2 

9h+H-"iZ‘^H+H-\‘^11 ^ZZ + ^7Z ^Z7 ^ + ^9h+H-ZZ‘^H+ZZ ^Z'y 

+9G+G-'^zZG+H-{Z}yl^ Zy^ + Z^^Z^y + 25(c.+ (7-zz^G+J7”^yZ'^Z7 

+25'G+G-77-^G+J7--^77 -^ 7 ^ ‘^9h+ H--yyZH+H- Z^ Z^ + Sgu+H-'yZ 
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G+G-j^Z, 








5G+G-7Z-^G+G-(^77 ^ZZ + ^'yZ Z^ ) + ‘^9H+H-ZZ^H+G 
+9H+H--yZ^H+G-i^'t{ '^ZZ + '^'jz -^^7 ) + ^^G+G-ZZ^G+G 


yl /2 ^ 1/2 


+‘^9h+ H-^i^y^H+G- ^'1^1 -^7^ + 25'G+G-77-^G+G--^77 ^^y'z + ^9g+G-'yZ 


1/2 „l /2 


7 I /2 7 I /2 

^zz^Z'r 


^1/2 „l/2 ^ , ryl /2 ry \ l 2 ry 

9H+H-ZZ^H+H-‘^H+G-'^^^ + ^G+G-ZZ^G+G-^G+ZI-^^^ 

, ryl /2 ^1/2 ^ , ryl /2 ^1/2 ^ 

~^9h+} j+^H+Q- ^-yZ + 9g+G-'i'i^g+G~ ^G^H~ 

7I/2 7I/2 5,1/2 „l/2 5,1/2 5,1/2 5,1/25,1/2 

+9H+H-yZ^H+H~^H+G-^'rZ ^ZZ + 9g+G-'yZ^g+G-^G+H~ ^'yZ ^ZZ 

ry \ l 2 ry \ l 2 ry . ry \ l 2 ^1/2 ,7 

gH+H-ZZ^H+H-‘^H+G-‘^Z'y + 9 G+G-ZZZq+q-Z z-y 

. 7,1/2 ,71/2 7, 7,1/2 ^1/2 7, 

i9H+H~'yyZjjyjj_Zj^yQ_Zyy -\- 5'g+G“77-^G+G“ "^G+H^ "^77 

5,1/2 7'1/2 7I/2 5,1/2 7'1/2 7I/2 7'1/2 5,1/2 

+9H+H-yZZj ^+^-Z ^+Q_Zyy + 9G+G-yZ Zj Q+Q- Z Zyy 


25J7H 




1/2 


H-ZZ-^H+H- ^h+g- ^zz 


z 


1/2 


1/2 7 , 1/2 


V^/ ^ V 
. ^ '7 '7 ^ 


1/2 7,1/2 


,1/2,71/2 


Zy + ZgG+G-yyZQ+Q-Z^y^^Ayy A^^ 


,r\ 7 I /2 7 I /2 7 I /2 7 I /2 I 15 7 I /2 7 I /2 7 I /2 7 I /2 

+^5G+G-ZZ^G+G-^G+//-^ZZ^Z7 + ZgH+H~-yyZjj+jj^Z^yQ_Ayy A^^ 
, 1/2 ^ 1/2 ^ 7 , 1 / 27 , 1/2 , 7 , 1 / 2 , 71 / 2 ^ 


+5G+G-7^^( 


'yZ^G+G-^G+H 


\Ayy A 2 ^ 


I 7X/ z, 5,i 

Z77 ZZ77 -|- Z/^7 Z/7^ 


I 7I/2 7I/2 ,^1/25,1/2 5,1/25,1/2,, 

+9H+H-yZZjfj+H^Z^yQ_{Ayy A22. + ^7Z ^Z7 J 
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H+H-W+W- 

G+G-W+W- 

H^G^W+W- 

H^AW;fZ, 

G^GoW^j, 

G^GoW^Z, 


9h+h-ww^h+h~^w + 9g+g-ww^g+h~^w + ^9h+h-ww 


9g+g-wwZg+g-^w + 9h+h-ww^h+g-Zw + ^9g+g-ww 


9H+H-WW 


71/2 

^H+H- 


ryljl ry , ^1/2 „l/2 ^ 

' 9g+G~WW^G+G~^G+H~^'^ 


7 I /2 7 I /2 ^ 1/2 ^ 1/2 7 I /2 7 I /2 ^ 1/2 ^ 1/2 

9H+AW'y^H+H-‘^AA^W ^77 + 9H+AWh+H~AA^W ^ 

7 I /2 7 ' 1/2 ^ 1/2 ^ 1/2 7 I /2 7 ' 1/2 ^ 1/2 ^ 1/2 

+5'G+GoM/7^G+i7-^GoA^W" ^77 + ^G+GoM/Z^G+Z/-^GoA^W" ^Z 7 

+<^5_f/+AVK7 


7I/2 7I/2 J7I/2 r7l/2 I 7I/2 7I/2 ^1/2 ^1/2 

9h+AWZ^H+H-^AA^W ^ZZ 9h+AW'y^h+H-^AA^W ^ 7 Z 


7 I /2 7 I /2 7 I/ 27 I /2 

I rr—/tZii/ Z, 


+5'G+GoVI/7^G+//" ^GoA^W" 
+<^5h+avkz 


• 7 I /2 7 I /2 ^ 1/2 ^ 1/2 

7 Z +5'G+GoV1/Z^G+//-^GoA^H^ ^ZZ 


7 I /2 7 ' 1/2 7 - 1/2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 

5g+GoW"7^G+G-^GoGo^W" ^77 + 5'J7+Aiy7^//+G-^AGn^VF ^77 

7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 

+to+AVKZ^j7+G-^AGo^W^ ^Z7 + 5 g+GoW"Z^G+G-^GqGo^W" ^Z7 

+<^5g+GoVF7 

7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 

5G+GoVFZ^G+G-^GoGo^iy ^ZZ + 5'J7+Aiy7 ^H+G-^AGq^VF ^7Z 

7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 

+te+AiyZ^H+G-^AGo^iy ^ZZ +5'G+Goiy7^G+G-^GoGo^H^ ^ 7 Z 
+<^5g+GoVKZ 
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^ 1/2 ^ 1/2 7 - 1/2 7 I /2 . 7 I /2 7 I /2 7 I /2 7 I /2 

5^G+GoVr7^G+C?-^GoGo'^VK + ^1^+^VK7^//+(7 -^AGo^VK ^77 

7I/2 ry^l‘^ i 7!/^ 7I/2 7I/2 7I/2 


+te+AVyZ^H+G- ^AGo^Vy 


H^GoW^Z, to+Aiy74//f-4G>^'</ + 9H+AwzZ]llH-Z]lG,z]l^zy^^ 


ry ^ l 2 ryi ^ ji . ry i -! ^ ry j i . ry j i . ry j i . 

+9g+GoW-i^G+H~^GoGo^W ^'tZ + 9g+GoWzZg+H-^GoGo^W ^zz 


A/2 71 / 2 ^ 1/2 


1/2 


A/2 ^1/2 ^ 1/2 




71/2 71/2 71/2 71/2 71/2 71/2 71/2 71/2 

te+AVK7"^i7+G?-^AA"^Vl/ ^77 + to+AVFZ^^ff+G?-^AA "^^7 

7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 

+^G+Goiy7^G+G-^GoA^ty ^77 + ^'G+GoiyZ^G+G'^GoA^ll^ ^^7 




7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 

to+Aiy7^j7+G-^AA^H^ ^7Z + to+AVFZ^i7+G-^AA^H" ^ZZ 

7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 

+5G+Goiy7^G+G-^GoA^H^ ^7 Z + S'G+GoM^Z^G+G-^GqA^II/ ^ZZ 




7 I /2 7 I /2 . 7 I /2 7 I /2 7 I /2 7 I /2 

9H+hW-f^H+H-‘^hh ^W ^77 dC+hW-y^Q-^hh ^W ^77 

7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 

+5G+/iiyZ^(7+7/-^/i/i ^ 14 / ^Z7 + 5G+17iyZ^G'+i7-^/^/i^ll^ ^^7 
7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 

+^G+i^iy7^(7+i7-^J7h^Vl^ ^77 + to+i^VF7^7f+i7-^77 
7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 

+9H+HWZ^H+H-^Hh^W ^Z'j 9H+hWZ^^hh ^Zy 

^^9H+hW^ 
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G^hw;fz, 


G^HW^Z, 


^1/2 7-1/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 

9G+hW'y^G+G-‘^hh ^77 ~g 9H+hW-f^ h+G-‘^ hh ^77 

7I/2 7I/2 7I/2 7I/2 . 7I/2 7I/2 7I/2 7I/2 

+9G+hWZ^G+G-^hh 9G-^ HWZ^g+G-^ Hh^W ^Z-f 

7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 

+^G+//VF7^G'+G'-^i^/i^Vl^ ^77 + to+i^iy7^j/+(7-^77 

7I/2 7I/2 7I/2 7I/2 . 7I/2 7I/2 7I/2 7I/2 

+9H+HWZ^H+G-^Hh^W ^^7 + to+ZiiyZ^/f+G-^ly ^Z 7 

+'55G+/iiy7 

7I/2 7I/2 ^1/2 ^1/2 7I/2 7I/2 ^1/2 J7I/2 

9G+hWZ^G+G-^hh ^ly + 5_H'+/iiy7^j7+G-^Vy ^Z 

7I/2 J7I/2 ^1/2 ^1/2 7I/2 J7I/2 J7I/2 ^1/2 

+9G+hW'y^G+G-^hh ^Z + 5G+HVyZ^G+G-^Vy ^ZZ 

7I/2 ^1/2 ^1/2 J7I/2 I 7I/2 iy \ l 2 y \ l 2 y \ l 2 

+9G+HW'y^G+G-‘^Hh‘^W ^'yZ + 9 h+HW Z^ h+G-H h^W ^ZZ 

7I/2 ^1/2 7I/2 J7I/2 I 7I/2 J7I/2 ^1/2 ^1/2 

+9H+hwz^H+G-^hh ^vy ^zz + te+//vy7^//+G'-^vy yz 
+'^5'G+/iiyz 

71/2 71/2 71/2 71/2 71/2 71/2 71/2 71/2 

5'G+//iyZ^G'+G'-^J7//^iy ^ZZ 9H+hW'y^H+G-‘^hH‘^W ^'yZ 

7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 

+6'G+/iiy7^G'+G'-^/i/f ^ly ^7Z + ^G+WZ^G'+G'-^/i/f ^ly ^ZZ 

7I/2 7I/2 7I/2 7I/2 . 7I/2 7I/2 7I/2 7I/2 

~^9G+HW'y^G+G-^HH^W ^-fZ 9H-^HW-y^H+G-^HH^W ^-yZ 
7I/2 7I/2 7I/2 7I/2 . 7I/2 7I/2 7I/2 7I/2 

^9h+HWZ^H+G-^HH^W ^ZZ ^ 9H+hWZ^H+G-^hH^W ^ZZ 

+^9g+hwz 
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^ 1/2 7 - 1/2 7 I /2 7 I /2 . 7 I /2 7 I /2 7 I /2 7 I /2 

dG+HW-f^C+G-^^HH^W “^77 to+hiy7^//+(7-^77 

7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 

+^G+/iVF7^(7+(7-^/ii^“^77 + ^G+/iVKZ^(7+(7 -^^7 

7 I /2 7 I /2 7 I /2 7 I /2 I 7 I /2 7 I /2 7 I /2 7 I /2 

+6'G+i7VKZ^(7+(7-^//i7^|y ^^7 ' 9H+HW-f^ h+G-HH^W ^77 
7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 

+to+i7iyZ^j7+(7-^_H'i7^iy + to+/iiyZ^j7+(7-^/i77^yy ^^7 

+'55G+//VK7 


yl /2 yJ-/^ y^l ^ ry'-l ^ I „ yl-l^y 

9H+HW’y^H+H~‘^HH^W ^77 ' 9H+hW'y^ h+H~‘^ hH ^77 


4/2 71 / 2 ^ 1/2 


4/2 


1/2 ^l/ 2 ^ 1/2 


I 7I/2 yl - l ^ 

'9G+hW’'t^G+H~‘^hH^W ^77 + 5'G+/iiyZ^G+^-^/iJ7 ^VK ^^7 


4/2 ^1/2 „l/2 


4/2 


1/2 ^l/ 2 ^ 1/2 


7 I /2 '7^-/^ 7^-/^ I „ 7^-/^ '7^-/^ 7J-/- 

+5G+17VKZ^G+/l~^-ff-H'^lV' ^Z7 + 5'G+74y7^G'+j7- 


4/2 ^ 1/2 ^ 1/2 


1/2 


4/2 7 . 1 / 2 ^ 1/2 


I 7 I /2 y'-l ^ y'-l ^ 7 ^-/^ I 7 ^-/^ 7 ^-/^ 7 

+5J7+J7VFZ^_H'+H-^/1-H'^11' ^Z7 + te+liM/Z^j7+j7-^Z7 
+<^517+171^7 


4/2 7 , 1/2 7 . 1/2 


1/2 


77 

1 / 27 . 1 / 2 ^ 1/2 


7I/2 7-1/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 

QH^HWZ^U'^U-^UH^W ^ZZ dH+hW-f^H+H-^hH^W ^-fZ 

7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 

~^9G+hW-y^G-^H~^hH^W ^-yZ 9G+hWZ^G+H~ ^hH ^ZZ 

7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 7 I /2 

+5G+7/iyZ^G'+77-^7^1^^11" ^ZZ + ^G'+//ty7^G+17-^7^-H'^ll^ ^7Z 

7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 

-rgH+HW-f^H+H-^HH^W ^7Z + dH+hWZ^ h+H~ ^hH ^ZZ 

+^9h+hwz 
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^1/2 7-1/2 7I/2 7I/2 7I/2 7I/2 7I/2 7I/2 

QH+hWZ^H+H-^^hh ;^W ^ 9H+hW'y‘^R+H-'^hh ‘^■yZ 


+9G+hW'yZG+H-^hh + 9G+hWjj-^hh ^ZZ 


,1/271/2 7I/2 


,1/2 


1/2 7I/2 7I/2 


+9G+HWzZG+H~^Hh^w"^ZZ + 9g+HW' y^G+H^ ^Hh^W ^ 7 ^ 


,1/2 7I/2 7I/2 


,1/2 


1/2 71/2^1/2 


+9H+HW'yZH+H~^Hh^w‘^^yZ + 9 h+HWZ^^^ tR-^Hh^W ^ZZ 

+^9H+hWZ 


,1/2 7I/2 7I/2 


,1/2 


1/2 71/2^1/2 


B.2.3 2 scalar + 1 gauge 




1 /P 

{PH+—PH-)ti 9H+H-y^H+H~Zj-l +9 h+H-Z^H+H 
1/2 1/2 

+9G+G-'i^G+H~^ll + Pg+G-Z^G+H-Z z'Y +'^te+_fl-7 


1/2 

Z7 


H+H-Z,, 


{PH+ —PH-)fM PH+H-Z^H+H-Zy^ + gH+H-^Zfj+H-Zl^^^ 
1/2 1/2 

+9g+G-t^G+H~ ZyZ 9 g+g-z^g+h-^zz +^9h+h-z 


G+G- 


7 /i { PG +- PG-)fM 9 G + G -- y ^ G + G -^ y ^ + 9 h + H - zZh + G - Zz ^^ 

1/2 1/2 

+9H+H-yZR+G-Z^!y + gQ+Q-zZG+G- ^Z-y + ^9G+G-y 


G+G-Zn 


{PG+ ~PG-)f^ 9 g+G-zZg+G-^ZZ + Ph+H-Z^H+G-^ZZ 
1/2 1/2 

+ 9 H + H ~ yZR + G - Z ^'^ + gQ+Q-^ZG+G-ZyZ +^9G+G-Z 
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1 / \ r ryl/2 „l/2 ryl/2 , ^1/2 

±\PH± [9H+H-y^H+H-^H+G-^^^ + 9 h+H-Z^h+H- 

y\/2 ^1/2 „l/2 ^1/2 ^1/2 „l/2 ^1/2 ^1/21 

^//+G-^^7 + 9G+G-'y2^G+G-^G+H-'^'1''t + 9 g+G-Z^g+G-^G+H-^ Z'r 


^{PH±—PG^)i^ 9H+H~'y^H+H~^H+G-^lZ + 9 h+H-Z^h+h- 

y\/2 ^1/2 ^1/2 ^1/2 ^1/2 ^1/2 ^1/2 ^1/21 

9G+G-T^G+G-'^G+H-‘^'yZ + S'G+G-Z^G+G'- 

HGoZ^ 

(ph - PGo)^lZzz 9 hGozZjIjjZJ^q^ + gHAzZjjfjZjQ^ 

+ghAzZl^H + ghGozZl^^ZcoGo + ^9HGoZ 

HAZ^ 

(ph — Pa)iiZJz guAzZjfjZjj^ + gnGozZjjjZj^^ 

+ghAzZjjj zIj^ + ghGozZjJ^ Zq^j^ + ^phaz 

hAZfj_ 

(p/i — Pa)hZJz 9hAzZy/j^ ZjIj^ + guGQzZjn^Zfi^j^ 

+9HAzZflf^zJj^ + ghGozZf^l Zq^^ + SghAZ 

hGoZ^ 

{Ph — PGq)^iZzz 9hGozZjf^ Zq^q^ + gHGoZZjlj^zJ^Q^ 

+gHAzZ]llz^lQ^ + guAzZ]!^ z)Iq^ + SghGoZ 

HGoi^ 

{PH -PGo)iJi.zJ^ guGozZ^jjZj^Q^ + guAzZ^jjZjlQ^ 

+9hAzZjfjZj^Q^ + 5/iGoZ-^/i4-^GoGo 
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{PH — Pa)iiZJ^ QHAzZflfjZj^ + QHGoZZjfjZj^^ 

-rgHAzZ]!^Z^il + 9hG,zZ]!^z]ii;, 

hA'y^ {ph —pA)fj.zJ^ ghAzZji^ zj^ + gHGozZjj^zJ^^ 

^guAzZ^i^Z^J], + gHG,zZ]!^zm^ 

hGoj^ {ph — PGo)f^Zz^ dhGozZj/f^ zJ^Q^ + gHGozZjIf^zJ^Q^ 

+gHAzZlilz]/l+g,AzZli^z]/l 

H^AW^ {PH± - Pa)^z]1^ + 9G+GowZQ+^-Z]i^^ + 5gH+Aw\ 

G^GqW^ {Pq± -pGo)nZl^^ 9 g+GowZq+q-Zq^q^+ gH+AwZHlQ-Z]lQ^ + 6gQ+GoW 

H^GoW^ {PH± - PG,)p.z]l^ [te+Aiy4+/f - ^AGo + 9g+GowZg+h^ ^GoGo] 

G^AW^ iPG± - pa)p.z]1^ [5g+GoM/4+g- 4!a + 9h+awZIIIg- ^Ta 

H^hW^ {PH+ - Ph)fMZlY^ gH+hwZ]llfj-Zhh + gG+hwZ]j+H-Z]/^ 

+9G+HwZG+H-Zffl + gn+HwZ^ljj^zl^l + 6gH+hw 

G^hW^ {PG+ - Ph)iiZ]y^ gG+hwZG+G-^hi^ ^ 9H+hwZfflG-^hh 

+9G+HwZG+G-Z]lh + gH+HwZ]llG-^llh ^9G+hw\ 


44 



G^HW^ 


{PG+ - PH)fMZly^ 


9g+hwZq+q-ZII^ + gn+hwZlIlQ- 


+9G+hwZj+Q-Zjjj + 9H+HwZf^+Q-Zflfj + dgQ+HW 


1/2 yl/2 


7-1/2 

^hH 


H^HW^ 

H' 


{Ph+ - PH)^lZ]l^ 


9H+HwZj+ff~ 


z 


1/2 


. 1/2 


1/2 


+9G+HwZQ+fj-Z]l^ + gH+hwZ^tn 


HH + 9G+hwZQ+fj^Zf^jj 
^hH + ^9h+HW 


B.2.4 1 scalar + 2 fermions 

In this section we present the counterterms for the scalar-fermion interactions. For the interactions 
with the neutral particles, i/’i; wiH stand for up and down quarks, and charged leptons. For the 
interactions with the charged scalar particles we will use upper-case letters for fermions with I 3 = — 1/2 
and lower-case for = 1/2. To simplify the form of the counterterms [gijkji will stand for the left 
part of the coupling (proportional to 7 ^) and [gijk]R will stand for the right part of the same coupling. 
For the leptons, one of the couplings has to be set to zero by the reader. We also define the following 
quantities; 


7 I /2 




I ' 7 V 2 

7l Zj{ JR 



[zIGib. + [ZlJhL 


The counterterms are: 






1/21 


\ki 




1 / 2 ] 7 I /2 
i/> nl^Hh 




(B - 30) 
(B - 31) 
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'ipki’iH 

'iPki’iA 

i’iAG~ 

ipiipiG+ 






,1^-;/ ]fc4^/ hl^GoGa 


+ [-^i]/J [^R\ji {idlPjtPjH-^R^H+H- + ^^j'ipjG-^R^G+H-'\ ^3':ii}ji}jH- 

+ [-^i]i/ [^r]ji {[9:^.iI}jH+\r^h+h- ^\-9lPj'iPjG+\R^G+H~^ ^ ^^j'iPjH+ 

+ [-^i]/J {[S^ji/’iG-l'R^G+G- ■*“ \-9^jil)jH-^R^H+G-'\ + ^^ji)jG- 

{[SV’jV’jG+I-^'^G+G- + 

+ [^i]i/ [^-R]j7 {[S^^.i/'jG+I-R'^G+G- + [%ji/>j-ff+]-R^i/+G-} +'^%j1/>jG+ 
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Bbhm et al. 

Aoki et al. 

l^yM 

ZvK, ZB,6e 

Zw, Zzz, ZzA, Zaz, Zaa 
’ ^^"z 1 



0 

C-s 

Z^, 6v, 5/U^, 5X 

Zh , Zgo , Zg+ , SMfj , T 

TOTAL 

13 

13 


Table I: The Renormalization schemes of Bohm et al. and Aoki et al. 
















Mod. I 


Mod. II 


Mod. Ill 


Mod. IV 




sin a 


sm a 

cos 0 

cos 0 

C^dh 

cos a 

cos a 

sm a 

sm a 

sin Q 

sin 0 

cos 0 

cos 0 

OleH 

sma 

cos a 


sin 0 

cos 0 

OldH 

sma 

sin a 


sin 0 

sin 0 

Pe 

— cot P 

tan/? 

— cot P 

tan P 

Pd 

— cot P 

— cot P 

tan P 

tan P 


Table II: Coupling constants for the fermion-scalar interactions 

































FIGURE CAPTIONS 

Figure 1. WG and WH mixing. 
Figure 2. The tadpole condition. 
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